Abbreviation used: SP, single positive.

The importance of natural Foxp3^+^ T reg cells for the maintenance of self-tolerance was recently reaffirmed by the observation that acute depletion of T reg cells creates a state of "immunologic anarchy" resulting in the rapid death of a previously healthy animal ([@bib1], [@bib2]). T reg cells are commonly thought to be generated in the thymus because of recognition of self-antigens ([@bib3], [@bib4]), which is supported by studies using mice with limited TCR diversity showing strong similarity between the thymic and peripheral T reg TCR repertoires ([@bib5]--[@bib7]). However, the peripheral and thymic T reg TCR repertoires were not identical, suggesting that certain TCRs are preferentially enriched or deleted in the periphery, akin to earlier observations in the total CD4^+^ T cell population ([@bib8]).

The notion that postthymic T reg TCR repertoire shaping may play an important role in immune regulation was suggested by several studies demonstrating that the presence of an organ is accompanied by functionally enhanced suppression of autoimmunity to that organ ([@bib9]--[@bib12]). Based on these studies, it has been widely hypothesized that tissue-specific T reg cell number is increased because of the presence of the antigen. However, this has not been directly demonstrated, and alternative explanations for these classical observations include altered trafficking patterns ([@bib13]--[@bib15]) and activation status ([@bib12], [@bib16]) of T reg cells at particular locations. These other possibilities are consistent with reports suggesting that T reg cells may not require tissue specificity for suppression ([@bib17]--[@bib19]) nor recognize self-antigens ([@bib20]). Thus, an important unresolved question is whether the peripheral T reg TCR repertoire is altered based on the presentation of tissue-specific antigens.

The development of Foxp3^+^ T cells from mature, naive Foxp3^−^ T cells, a process often referred to as peripheral conversion, is another mechanism by which the peripheral repertoire may be altered. This process would allow for the generation of T reg cells specific for antigens not presented in the thymus, such as those from commensal microbiota or sequestered self-antigens ([@bib21], [@bib22]). Furthermore, it has been hypothesized that peripheral conversion may also generate T reg cells during the course of an immune response to limit immune pathology. Studies of TCRαβ transgenic T cells have shown that exposure to cognate antigen under noninflammatory or tolerogenic conditions in vivo results in the development of suppressive Foxp3^+^ T reg cells in a portion of the monoclonal T cell population ([@bib23]--[@bib25]). In polyclonal T cell populations, peripheral development of CD25^+^ cells characteristic of T reg cells has been observed after adoptive transfer of CD25^−^ T cells into both lymphopenic and nonlymphopenic hosts ([@bib26], [@bib27]). However, a study using endogenous secondary TCRα chains on self-reactive BDC2.5 TCRαβ transgenic T cells to track T cell fates found no evidence that this TCR facilitates conversion ([@bib28]). Thus, the role of peripheral conversion in generating the peripheral T reg cell population remains unresolved.

To address these questions, we analyzed the TCR repertoire based on anatomical location and cellular phenotype by sequencing TCRα chains in mice with a fixed TCRβ chain ([@bib29]). We generated a database of nearly 18,000 TRAV14 (Vα2) TCRα chain sequences derived from T reg (Foxp3^+^), antigen-experienced (CD44^hi^Foxp3^−^), and naive (CD44^lo^Foxp3^−^) CD4^+^ cells isolated from the spleen and from cervical, axillary, inguinal, and mesenteric LNs. We found considerable differences in TCR usage by location in the T reg and CD44^hi^ but not CD44^lo^ T cell populations, demonstrating that tissue-specific antigen recognition dramatically alters the peripheral T reg cell population. Shaping of the peripheral T reg TCR repertoire by location therefore suggests that immune regulation is a tissue-specific activity.

A potential explanation for parallel changes in both the T reg and CD44^hi^ TCR repertoires by location is that peripheral conversion generates a large proportion of the peripheral T reg cell population. However, we found that few cells became Foxp3^+^ after adoptive transfer of either peripheral CD4^+^Foxp3^−^ cells or mature CD4^+^CD8^−^ thymocytes into normal adult hosts, resulting in an estimated 4--7% contribution to the peripheral T reg cell population. In contrast, we found a much higher percentage of conversion during the immune response induced by Foxp3^−^ cells transferred into lymphopenic hosts. Interestingly, there was considerable disparity in TCR usage between the converted Foxp3^+^ and expanded Foxp3^−^ T cell subsets within the same individual host. We excluded an absolute requirement for thymically derived T reg cell precursors by showing that retroviral expression of particular TCRs on monoclonal peripheral T cells was sufficient to permit peripheral conversion. Thus, these data favor a TCR-specific model of peripheral T reg cell development.

RESULTS
=======

Mapping the peripheral CD4^+^ TCR repertoire
--------------------------------------------

To determine the impact of anatomical location and cellular phenotype on the peripheral CD4^+^ TCR repertoire, we isolated T reg (Foxp3^+^), antigen-experienced (CD44^hi^Foxp3^−^), and naive (CD44^lo^Foxp3^−^) CD4^+^ cells from the spleen and from cervical, axillary, inguinal, and mesenteric LNs of TCli TCRβ transgenic × *Foxp3^gfp^* × *Tcra*^+/−^ mice ([Table I](#tbl1){ref-type="table"}; and Figs. S1 and S2, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). T cells from these mice therefore express a fixed TCRβ chain paired with a single endogenously rearranged TCRα chain. This facilitates experimental analysis because only one TCR needs to be sequenced per cell, and insures that only a single TCR specificity affects the cell fate decision of an individual T cell. We also analyze the TRAV14 (Vα2) subset, representing ∼10% of the population, to further restrict diversity to a manageable level. We considered using CD62L as an additional putative memory cell marker but found that only a minor subset of CD44^hi^ cells are CD62L^hi^ (unpublished data). From these sorted T cell populations, we created a library of TRAV14 (Vα2) TCRα chain cDNA and obtained sequences from individual clones, as previously described ([@bib7]), from four independent experiments, of which three experiments consisted of pooled cells from three to five mice and the fourth experiment consisted of three mice that were individually sequenced. As before, we used the CDR3 amino acid sequence as the primary identifier for a unique TCR sequence ([@bib7]). Approximately 6,000 sequences were obtained from each of the T reg, naive, and memory cell populations, for a total of nearly 18,000 sequences.

###### 

TRAV14 TCRα sequences obtained from TCli TCRβ transgenic mice

                     Number of sequences by location                                   
  ------------------ --------------------------------- ------- ------- ------- ------- --------
  Foxp3^+^           1,310                             1,362   1,347   1,013   941     5,973
  Foxp3^−^CD44^lo^   1,263                             1,345   1,326   1,009   1,060   6,003
  Foxp3^−^CD44^hi^   1,297                             1,417   1,330   937     966     5,947
  Total              3,870                             4,124   4,003   2,959   2,967   17,923

The total number of TRAV14 (Vα2) TCRα sequences obtained from cells of the indicated phenotype and location are shown. Axil, axillary; Cerv, cervical; Ing, inguinal; Mes, mesenteric; Spl, spleen.

The T reg TCR repertoire varies by anatomical location
------------------------------------------------------

An important unresolved issue is the mechanism by which tissue-specific antigen presentation results in enhanced protection from autoimmunity, as it could derive from either an increased number or heightened potency of antigen-specific T reg cells. Analysis of TCRs from the various LNs and the spleen revealed that the T reg TCR repertoire varied considerably according to the anatomical location. This could be observed at the level of individual TCRs ([Fig. 1 A](#fig1){ref-type="fig"}, top; and Fig. S3, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>), which show a strong preference across multiple experiments for either the spleen, the mesenteric LNs, or the skin-draining axillary, inguinal, and cervical LNs. This is further illustrated by analyzing the relative frequency at each anatomical location for a large number of individual TCRs ([Fig. 1 B](#fig1){ref-type="fig"}). Finally, this pattern was confirmed at the population level by a statistical assessment of the similarity between two populations, the Morisita-Horn index (see Materials and methods; [Fig. 1 C](#fig1){ref-type="fig"}). In contrast, naive CD44^lo^ T cells showed little skewing of their TCR repertoire by anatomical location, consistent with the notion that these cells circulate among the secondary lymphoid organs scanning for foreign antigens. Thus, these data provide direct evidence that the peripheral T reg cell population is shaped by local antigen presentation.

![**The natural T reg and CD44^hi^ but not naive CD44^lo^ TCR repertoires vary by anatomical location.** (A) Analysis of individual TCRs. Using the pooled TCR dataset described in [Table I](#tbl1){ref-type="table"}, we chose the most frequent TCR of a given phenotype (shown at left) at each location (shown on top). To decrease the effect of mouse-to-mouse variability, we only chose TCRs that were found in at least two independent experiments. Because the naive CD44^lo^ TCRs were fairly uniform across locations, the three most frequent naive TCRs, irrespective of location, are shown from left to right. Symbols represent the frequency (as a percentage of total sequences) of the TCR, denoted above by its CDR3 amino acid sequence, within the dataset of that phenotype and the location in each of the four experiments. (B) Anatomical distribution of the most abundant TCR sequences within each phenotype. Using the pooled TCR datasets from all four experiments, the top 50 TCR sequences by frequency within a given phenotype were selected. For each TCR, the relative frequency with which it is found at each anatomical location was calculated by dividing its frequency at each location by the sum of the frequencies at all locations. The frequency is represented on the heat map by decile, with the scale indicating the color at 100 (red), 75, 50, 25, and 0% (yellow) for a TCR at a given location. The data are clustered such that those TCRs predominantly found in one location are shown together. (C) Statistical analysis of similarity. The mean Morisita-Horn similarity index (±SD; *n* = 3--4 independent experiments) is shown for the comparison between the mesenteric (Mes) LNs versus the spleen, cervical (Cerv), axillary (Axil), and inguinal (Ing) LNs (top), and the inguinal LNs versus the spleen, Mes, Cerv, and Axil LNs (bottom).](jem2053105f01){#fig1}

Interestingly, the CD44^hi^Foxp3^−^ TCR repertoire behaves much like the Foxp3^+^ TCR repertoire with respect to repertoire changes based on location ([Fig. 1](#fig1){ref-type="fig"}). For example, we observed that in both subsets the TCR usage in the mesenteric LNs was very different from that in the other LNs, whereas the inguinal and axillary LNs were much more similar to each other ([Fig. 1 C](#fig1){ref-type="fig"}). This shared pattern of TCR localization by the T reg and CD44^hi^ subsets may reflect common recirculation patterns and spectra of antigens in these LNs. For example, one might expect the axillary and inguinal LNs to share a similar antigenic repertoire because they both drain the skin and limbs. We also found, using generalized linear model testing, that out of the 15 most prevalent T reg and CD44^hi^ TCRs, 10 T reg and 12 CD44^hi^ TCRs showed a statistically significant level of skewing according to location (P \< 0.05 with the Bonferroni correction; see Materials and methods), whereas only 1 out of the top 15 naive TCRs did so (Fig. S3). These data therefore suggest that the peripheral T reg population is shaped via a mechanism that is reminiscent of the generation and maintenance of memory cells.

The T reg and antigen-experienced CD44^hi^ TCR repertoires are distinct
-----------------------------------------------------------------------

One possible explanation for the observed similarity in the pattern of localization between the T reg and CD44^hi^ TCR repertoires is that these cells may codevelop from common precursors. This would be consistent with the hypothesis that peripheral T reg cells normally develop during the course of an immune response to limit pathology ([@bib22]), and the observation in TCRαβ transgenic models that peripheral conversion only occurs in a portion of antigen-specific T cells after antigen administration ([@bib23]--[@bib25]). Thus, it is quite possible that TCRs that select for development into the antigen-experienced CD44^hi^ phenotype may also be found within the T reg cell subset, because of peripheral conversion, and potentially account for the well-described overlap between the T reg and conventional non--T reg TCR repertoires ([@bib5], [@bib6], [@bib29]).

However, analysis of the sequences from the fractionated conventional T cell subsets revealed that the prominent TCRs in the CD44^hi^ subset were not preferentially found in the Foxp3^+^ subset ([Fig. 2 A](#fig2){ref-type="fig"}; and Fig. S4, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). As expected, the naive (CD44^lo^) TCR repertoire showed little similarity with either the CD44^hi^ or Foxp3^+^ TCR repertoires ([Fig. 2 A](#fig2){ref-type="fig"}, bottom; and Fig. S4 A), indicating differential requirements in TCR specificity for the development of these CD4^+^ T cell subsets. These differences between cellular phenotypes were also readily apparent within each individual experiment, even though the TCR repertoires varied between experiments depending on cellular phenotype ([Fig. 2 B](#fig2){ref-type="fig"}). The variability between experiments appeared to be the result of mouse-to-mouse variability (Fig. S4 B). In summary, we found little evidence from these studies of unimmunized adult animals to support the hypothesis that peripheral Foxp3^+^ T cell generation is an automatic occurrence after antigen encounter.

![**The CD44^hi^, CD44^lo^, and T reg TCR repertoires show little overlap.** (A) Comparison of the frequencies of prevalent TCRs between the CD44^hi^ and Foxp3^+^ or CD44^lo^ datasets. In each graph, the 50 most abundant TCRs from each of the two indicated populations were selected and plotted on the x axis, with the frequency of the TCR in the indicated subset on the y axis. TCRs are arranged in order of decreasing frequency within the CD44^hi^ subset, and increasing frequency within the other subset. (B) Statistical analysis of similarity. (left) The Morisita-Horn similarity values between the indicated phenotypes within each experiment are shown, with each experiment represented by a different symbol. (right) The interexperiment similarity within each phenotype is shown, with each comparison represented by a unique symbol. (C) Cluster analysis of the peripheral TCR dataset. Data shown are a heatmap representation of the Morisita-Horn similarity indices calculated pairwise for all cell phenotype and location combinations using the pooled TCR dataset. Each decile is represented by distinct shades, with the scale indicating the color at 0, 0.5, and 1. The mean linkage algorithm was used to obtain a hierarchical cluster (or dendrogram; right) by sequentially grouping the two most correlated observations on the basis of a distance metric provided by the square root of 1 (Morisita-Horn index).](jem2053105f02){#fig2}

The strong difference between the TCR repertoires of these three phenotypes is further demonstrated by the cluster analysis of a matrix of Morisita-Horn similarity indices, which includes comparisons based on both location and cell phenotype ([Fig. 2 C](#fig2){ref-type="fig"}). This plot reveals the dominant effect of the cell type over the location when all data are considered, as the calculated similarities cluster in 5 × 5 blocks according to cell phenotype first. This analysis also reaffirms the similarity in the naive T cell repertoires between locations, as shown by the uniformly red 5 × 5 block representing the naive subset repertoires, whereas the other blocks show relatively high similarity only between the axillary and inguinal LNs. Thus, these data demonstrate that even though T reg and CD44^hi^ cells share a common behavioral feature at the population level, it is unlikely that they are generated via a common developmental pathway.

A minor role for peripheral conversion in generating the adult T reg cell population
------------------------------------------------------------------------------------

One explanation for the unexpected lack of similarity between the T reg and antigen-experienced subsets is that peripheral conversion is an infrequent process in unimmunized adult animals. Current estimates of the magnitude of peripheral conversion in adult animals are quite divergent. One study suggested that many peripheral T reg cells could arise via conversion, as ∼8% of CD25^−^ T cells became CD25^+^ after transfer into a congenic, nonlymphopenic host ([@bib27]). If one extrapolates the behavior of the adoptively transferred population in this study to represent that of the normal non--T reg cell subset at large, conversion would account for ∼72% of peripheral T reg cells (see Materials and methods). On the other hand, it has also been suggested that conversion occurs infrequently based on a study of monoclonal T cells reactive to an islet self-antigen ([@bib28]).

To measure the potential for peripheral conversion in a polyclonal T cell population, we used FACS to obtain a highly pure population of Foxp3^−^CD4^+^ donor T cells from *Foxp3^gfp^* mice. We achieved a purity of \>99.998%, or \<1 contaminating Foxp3^+^ cell per 50,000 Foxp3^−^CD4^+^ cells. Because T reg cells have been reported to divide at a faster rate than non--T reg cells ([@bib30]), we also measured the projected expansion of these few contaminating natural T reg cells in this environment by adding ∼0.001% (100--200 cells per 10^7^) FACS-purified CD45.1^+^Foxp3^+^ cells to the donor cell population. To detect sufficient numbers of donor cells by flow cytometry 3--4 wk after intravenous transfer, we analyzed nearly the entire T cell population from the pooled LNs and spleen of each recipient.

We found that the percentage of donor-derived cells that were Foxp3^+^ by 3 wk after transfer was quite low, ∼0.3% of the donor cells analyzed ([Fig. 3 A](#fig3){ref-type="fig"}). Consistent with previous studies ([@bib23], [@bib26], [@bib27]), these cells appeared phenotypically similar to natural T reg cells (CD25^hi^GITR^hi^; not depicted). As the contribution from contaminating Foxp3^+^ donor cells to the final Foxp3^+^ population was estimated to be only ∼2% via analysis of the coinjected CD45.1^+^ cells, we believe that this frequency (0.3%) approximates the extent of conversion from peripheral Foxp3^−^CD4^+^ T cells.

![**Peripheral conversion in nonlymphopenic hosts is infrequent.** (A) Adoptive transfer of peripheral Foxp3^−^ cells into congenic hosts. FACS-purified Foxp3^−^CD45.2^+^ (10^7^) and Foxp3^+^CD45.1^+^ (1--2 × 10^2^) T cells were intravenously transferred into normal Thy1.1 hosts. After 3--4 wk, acquisition of Foxp3 was analyzed by flow cytometry. Pooled spleen and LN cells were gated on CD4^+^ and Thy1.2^+^ (donor cells; left) to determine the frequency of Foxp3^+^ cells (middle). Within the Foxp3^+^ cells, the outgrowth of the contaminating cells in the original CD45.2^+^Foxp3^−^ population was estimated by the spike of Foxp3^+^CD45.1^+^ cells (right). Data shown are representative of three independent experiments (*n* = 5 mice), and percentages are shown. (B) The frequency of conversion varies by anatomical location. The experiment was performed as in A, and after 4 wk the LNs or spleens from three animals were pooled for analysis. Data shown are representative of two independent experiments, and percentages are shown. (C) Summary of the flow cytometric data described in A and B. The frequency of Foxp3^+^ cells is shown. Each symbol represents data from an individual mouse ("pooled"; as in A) or an experiment in which cells from the organs of three mice were pooled (as in B) from the spleen, Mes LNs, and a pool of Cerv/Axil/Ing LNs. (D) Adoptive transfer of mature Foxp3^−^ thymocytes. (top) Mature HSA^lo^CD62L^hi^Foxp3^−^CD25^−^ CD4SP thymocytes or Foxp3^−^CD4^+^ peripheral T cells were adoptively transferred into congenic hosts. Percentages are shown. (bottom) The frequency of Foxp3^+^ cells in pooled spleen and LN preparations was assessed at 3 wk by flow cytometry. Each symbol represents data from an individual recipient from two experiments in which 3.4 × 10^6^ (closed circles) or 9 × 10^6^ (open circles) cells were injected per mouse. The horizontal bars represent mean values.](jem2053105f03){#fig3}

Recent studies have suggested that the gut environment may preferentially facilitate peripheral conversion ([@bib14], [@bib31], [@bib32]). We repeated the experiment described earlier in this section to compare the frequency of converted Foxp3^+^ cells in the mesenteric LNs, spleen, and the pooled cervical, axillary, and inguinal LNs. To observe sufficient conversion events by flow cytometry, each experiment consisted of tissues pooled from three individual mice that had received the same preparation of purified donor cells 4 wk earlier. Consistent with a previous paper ([@bib31]), we found that the mesenteric LNs, in comparison with the peripheral LNs and spleen, contained an approximately twofold higher percentage of converted Foxp3^+^ cells ([Fig. 3, B and C](#fig3){ref-type="fig"}). However, converted Foxp3^+^ cells were found in all locations, at frequencies ranging from 0.2--0.5%.

Because conversion appears to occur naturally in lymphoreplete animals, it was possible that this process would reduce the number of cells that can undergo conversion in the peripheral Foxp3^−^CD4^+^ T cell population used. We therefore assessed the frequency of conversion in immediate precursors to the peripheral T cell population, mature CD4^+^CD8^−^ (CD4 single-positive \[SP\]) thymocytes. We purified CD62L^hi^HSA^lo^Foxp3^−^CD25^−^ CD4SP thymocytes as well as Foxp3^−^CD4^+^ peripheral T cells to enable direct comparison between these populations. 3 wk after adoptive transfer into congenic hosts, we found that, on average, 0.5% of peripheral CD4^+^ donor cells and 0.8% of thymocytes became Foxp3^+^. If one extrapolates this behavior as representative of their respective T cell populations, then peripheral conversion would account for the development of 4--7% of peripheral CD4^+^Foxp3^+^ T cells in a normal mouse (see Materials and methods). Although this is a rough estimate, it suggests that peripheral conversion plays a relatively small role in generating the protective T reg cell population in adult individuals.

Peripheral conversion in lymphopenic hosts is TCR specific
----------------------------------------------------------

The low rate of peripheral conversion in an adult lymphoreplete animal may be caused, in part, by inhibition by the existing T reg cell population. We hypothesized that peripheral conversion may play a greater role in a lymphopenic environment, such as that seen in the early ontogeny of the peripheral immune system, which is both lymphopenic ([@bib33], [@bib34]) and T reg cell--deficient because of delayed thymic T reg cell export ([@bib35], [@bib36]). Therefore, we used the adoptive transfer of CD4^+^Foxp3^−^ T cells from mice containing the fixed TCRβ chain into lymphopenic hosts as a model of peripheral conversion, which has previously been reported to occur upon the transfer of non--T reg cells into lymphopenic hosts ([@bib26], [@bib27]).

Consistent with previously published results, we observed peripheral conversion of the highly purified CD4^+^Foxp3^−^ T cells from TCli TCRβ chain transgenic mice 2.5--3 wk after intravenous transfer into *Tcrb^−/−^* αβT cell--deficient mice (see Fig. S6 A). The converted cells were phenotypically similar to T reg cells, expressing high levels of CD103, GITR, and CD25 (not depicted). Because the incidence of Foxp3 induction versus subsequent expansion cannot be discriminated, the extent of "peripheral conversion" in this system represents the aggregate outcome. Of note, the percentage of converted Foxp3^+^ cells was considerably higher after adoptive transfer into lymphopenic (see Fig. S6 A) as compared with nonlymphopenic ([Fig. 3](#fig3){ref-type="fig"}) hosts, potentially because of the empty T reg cell niche available in *Tcrb^−/−^* mice. A second difference between the results from these two hosts was the relative frequencies of Foxp3^+^ cells recovered from the various LNs. Lymphopenic hosts showed a decreased frequency of Foxp3^+^ cells in the mesenteric relative to other LNs, which may reflect the preferential accumulation of effector cells, as the transfer of CD4^+^ T cells depleted of T reg cells is known to result in colitis ([@bib37]). In summary, the frequency of peripheral converted Foxp3^+^ cells arising from Foxp3^−^ cells is much greater in a lymphopenic compared with a lymphoreplete environment.

Initial experiments analyzing TRAV14 TCRα sequences obtained from FACS-purified Foxp3^+^ and Foxp3^−^CD4^+^ T cells pooled from several recipient *Tcrb^−/−^* mice hinted at a fair degree of mouse-to-mouse variability (unpublished data), similar to that seen in the CD44^hi^ T cell subset in normal mice (Fig. S4 B). To address whether random sampling was responsible for this variability, we obtained a duplicate sequence dataset from four samples (Fig. S5, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). We found that all TCRs greater than ∼2% at this sample size (*n* = 150--200) are present in both datasets at similar frequencies. We therefore went on to generate a database of \>7,000 Foxp3^+^ and Foxp3^−^ TCR sequences from the cervical and mesenteric LNs and spleens of six individual recipient mice from two independent experiments (Fig. S6, B and C; and Fig. S7).

Based on studies of monoclonal TCR populations showing that the majority of the antigen-specific T cells remain Foxp3^−^ during peripheral conversion ([@bib23]--[@bib25]), we were surprised to find relatively little overlap in TCR usage between the converted and nonconverted T cell subsets ([Fig. 4 A](#fig4){ref-type="fig"}). Most of the prevalent TCRs identified in these experiments showed a marked skewing toward either the Foxp3^+^ (converted) or Foxp3^−^ (nonconverted) populations, with only a minority (9 out of 85) of the TCRs being found at nearly equal frequencies in both populations ([Fig. 4 B](#fig4){ref-type="fig"}). We observed considerable differences in the TCR repertoires between the individual mice even though the donor cell population was identical within each experiment ([Fig. 4 C](#fig4){ref-type="fig"}, right), which was suggestive of the preferential expansion of cells with a low precursor frequency. However, the level of dissimilarity between the Foxp3^+^ and Foxp3^−^ cells from each animal was equivalent ([Fig. 4 C](#fig4){ref-type="fig"}, left). Although most TCRs were not found in all six individual mice, TCRs recovered from multiple animals were reproducibly found in either the converted or nonconverted subsets, with few exceptions (Fig. S8, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). Thus, even though both peripheral conversion and lymphopenia-induced proliferation of non--T reg cells occurred within the same animal, these data demonstrate that TCR specificity played an important role in T reg cell fate determination during this immune response.

![**TCR specificity is important for peripheral conversion in lymphopenic hosts.** (A) The converted and nonconverted TCR repertoires differ. TCRα chain sequences were obtained as described in Materials and methods. The 50 most abundant TCRs from each of the converted Foxp3^+^ and nonconverted Foxp3^−^ pooled datasets are shown, with the frequency in the indicated subset on the y axis. The TCRs are ordered from the most abundant in the Foxp3^+^ subset (left) to the most abundant in the Foxp3^−^ subset (right). (B) TCRs are preferentially skewed toward either the Foxp3^+^ or Foxp3^−^ subset. For prevalent TCRs in the pooled dataset (summed frequencies \>0.5%), the percentage of each TCR in the Foxp3^+^ subset (%Foxp3^+^/%Foxp3^+^ + %Foxp3^−^) is plotted in decreasing order. Arbitrary cutoffs (vertical dashed lines) are shown for TCRs highly (\>80% Foxp3^+^), poorly (\<20%), or not (\<1%) associated with conversion. (C) Assessment of mouse-to-mouse variability. (left) Morisita-Horn index values comparing the Foxp3^+^ and Foxp3^−^ TCR datasets within each individual recipient are shown. (right) The Foxp3^+^ TCR datasets from individual animals within the same experiment are compared in green, and the Foxp3^−^ datasets are compared in orange. There were four and two recipients for the first and second independent experiments, respectively.](jem2053105f04){#fig4}

TCRs that facilitate peripheral conversion are also found within the normal peripheral and thymic T reg TCR repertoire
----------------------------------------------------------------------------------------------------------------------

Although we were unable to determine which TCRs undergo peripheral conversion in normal hosts because of the low rate of conversion, we did identify TCRs that facilitate peripheral conversion during the immune response in lymphopenic hosts. As expected, these converted TCRs were found in the normal non--T reg cell subsets, because the donor cells for these studies were normal Foxp3^−^ cells ([Fig. 5 A](#fig5){ref-type="fig"}). Interestingly, these TCRs were also often found in the normal T reg cell subset and constitute ∼5% of the sequences in the normal peripheral T reg cell dataset (Fig. S9, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). Although the extent to which these TCRs affect the T reg TCR repertoire in lymphoreplete individuals by peripheral conversion is unknown, these data support our observation that peripheral conversion makes only a small contribution to the normal T reg cell population.

![**TCRs that facilitate peripheral conversion are found in the normal peripheral and thymic T reg cell TCR repertoires.** (A) Comparison with the normal peripheral TCR repertoire. Prevalent TCRs recovered after the transfer of Foxp3^−^ cells into lymphopenic hosts that are also found in the normal peripheral dataset ([Table I](#tbl1){ref-type="table"}) at a summed frequency of \>0.15% were identified (Fig. S9, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). The frequencies of these overlapping TCRs in the normal dataset are plotted. The TCRs are sorted by their ability to facilitate conversion, as designated by the vertical dashed lines ([Fig. 4B](#fig4){ref-type="fig"}). (B) Comparison with the normal thymic TCR repertoire. The frequency of the TCR in the normal thymic dataset (reference [@bib38]) is shown as in A.](jem2053105f05){#fig5}

It has been proposed that peripheral conversion may play an important role in generating T reg cells to antigens that are not present in the thymus, such as those found in the gut ([@bib14], [@bib31], [@bib32]). Therefore, this would predict that converted TCRs should generally be found within the peripheral but not thymic T reg cell subset. We found that of the highly converting TCRs that were also present in our thymic sequence dataset ([@bib38]), most (11 out of 12) could be found within the Foxp3^+^ subset ([Fig. 5 B](#fig5){ref-type="fig"}). By comparison, only 2 out of 11 TCRs from the poorly converting category were found within the thymic Foxp3^+^ dataset. One potential explanation for this observation is the presence of recirculating mature peripheral CD4^+^Foxp3^+^ T cells in the thymus. Although the frequency of recirculating T cells appears low ([@bib39], [@bib40]), a direct assessment of Foxp3^+^ T reg cell recirculation in normal hosts was not performed. To test this possibility, we injected 20 × 10^6^ enriched peripheral CD4^+^ T cells into a congenic host and assessed the percentage of donor cells in the CD4SP thymocyte population after 1 wk (Fig. S10, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). If one assumes that the behavior of the donor cells is representative of all peripheral CD4^+^ T cells, then ∼4% of thymic T reg cells arise from recirculation. Because these shared TCRs are not grossly overrepresented in the periphery compared with the thymus, recirculation alone is unlikely to account for the thymic observation of TCRs that facilitate peripheral conversion. Rather, we favor the hypothesis that some TCRs are able to facilitate both thymic and peripheral T reg cell development. Because we expect primarily self-antigens to be presented in a normal thymus, these data suggest that some self-reactive cells, upon escaping T reg cell selection in the thymus, may get a "second chance" to become Foxp3^+^ regulatory cells via peripheral conversion.

TCR specificity plays a crucial role in peripheral conversion
-------------------------------------------------------------

The observation that many TCRs found preferentially on converted T reg cells are also found on normal thymic T reg cells raised the possibility that we were merely observing Foxp3 induction in Foxp3^−^ T reg cell precursors that arise in the thymus and are then exported before Foxp3 is expressed ([@bib41]). We therefore asked whether TCR specificity alone, in the absence of thymic conditioning, is sufficient to direct peripheral conversion by introducing selected TCRα chains into peripheral monoclonal T cells from TCli αβTCR transgenic × *Foxp3^gfp^* mice on a *Rag1^−/−^* background and then transferring them into *Tcrb^−/−^* hosts ([@bib7]). As the cells were isolated and treated identically, they should differ only by the additional retroviral TCRα chain at the time of transfer.

We first tested two TCRα chains (B2 and B132) that were previously identified in naive T cells and were also found primarily in the nonconverted T cell subset in our lymphopenic expansion experiments ([Fig. 6 A](#fig6){ref-type="fig"}). These TCRs were previously shown to be unable to facilitate in vivo expansion of T cells in *Rag1^−/−^* hosts ([@bib29]). Consistent with their low frequencies in the converted TCR datasets, we found that these TCRs did not facilitate either Foxp3 induction or expansion ([Fig. 6 B](#fig6){ref-type="fig"}). Therefore, TCR activation and retroviral introduction of an additional TCRα chain alone are not sufficient to induce Foxp3 expression in these cells.

![**TCR specificity is sufficient to direct peripheral conversion in lymphopenic hosts.** (A) Frequency distribution of TCRs tested. Data shown are the frequencies (percentages) of the TCRs in the datasets from thymocytes (reference [@bib38]), normal peripheral T cells ([Table I](#tbl1){ref-type="table"}), and T cells recovered after adoptive transfer into lymphopenic hosts (Fig. S6, available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>). (B) Retroviral manipulation of TCR specificity in peripheral T cells. Monoclonal TCli αβTCR transgenic T cells were transduced with TCRα chains, as described in Materials and methods. (top) The frequency of Foxp3^+^ cells in the transduced (Vα2^+^Vβ6^+^CD4^+^) T cell population was assessed by flow cytometry 2.5--3 wk after adoptive transfer into *Tcrb^−/−^* mice. (bottom) The absolute number of transduced (Vα2^+^) cells recovered was calculated using the cell count obtained via either a Coulter counter (Beckman Coulter) or hemacytometer (Hausser), and the frequency of Vα2^+^Vβ6^+^CD4^+^ T cells within the live gate, as determined by flow cytometry. Data shown are from individual mice and were obtained from five independent experiments constituting at least two independent retroviral transductions per TCR. Each symbol represents data from an individual recipient (*n* = 4--6), and the horizontal bars represent mean values.](jem2053105f06){#fig6}

We then tested four TCRα chains that were identified in the highly converting Foxp3^+^ TCR dataset (R19, R22, TR3, and TR5; [Fig. 6 A](#fig6){ref-type="fig"} and Fig. S9) and found that they also facilitated peripheral conversion in retrovirally transduced cells ([Fig. 6 B](#fig6){ref-type="fig"}, top). TCR-dependent conversion occurred even though the T cells underwent in vitro activation and retroviral transduction, in contrast with the previous study in which freshly isolated polyclonal T cells were transferred ([Fig. 4](#fig4){ref-type="fig"}). Thus, these data directly demonstrate that TCR specificity alone, in the absence of a unique thymic signal, is sufficient to facilitate the process of peripheral conversion.

Because these highly converting TCRs were also found in the normal T reg TCR dataset, we tested the ability of other natural T reg TCRs that were not found in the conversion experiments to facilitate conversion. Interestingly, only one out of the four T reg TCRs tested (R111) was able to induce Foxp3 in a sizable proportion of cells, whereas the others did not (G113, G5, and G57). The inability to augment conversion was presumably not caused by a lack of TCR engagement, as these other TCRs did facilitate in vivo expansion ([Fig. 6 B](#fig6){ref-type="fig"}, bottom), suggesting that their cognate antigens were available in the periphery. It also appeared that certain TCRs favored expansion in different anatomical LNs, which was consistent with our analysis of the normal T reg TCR repertoire ([Fig. 2](#fig2){ref-type="fig"}). For example, TR5 and G113 showed expansion mostly in the axillary and inguinal LNs, whereas G57 and R111 expanded mostly in the mesenteric LNs, which is consistent with the relative frequencies at which these TCRs are normally found in the Foxp3^+^ subsets in these LNs ([Fig. 6 A](#fig6){ref-type="fig"}) and would suggest that their cognate antigens reside preferentially in these locations. In summary, these data suggest that TCR specificity determines whether a cell is capable of peripheral conversion but that not all TCR specificities associated with peripheral T reg cells have this capability.

DISCUSSION
==========

Our analysis of the peripheral TRAV14 TCR repertoire strongly suggests that immune regulation is a tissue-specific activity, as the antigen specificity of the protective T reg cell population changes considerably by anatomical location ([Fig. 1](#fig1){ref-type="fig"}). These data are consistent with our previous observations of individual T reg TCR--driven proliferation in normal hosts, in which CFSE dilution was more pronounced in certain LNs ([@bib7]). Thus, the observation that tissue-specific antigens greatly modify the local T reg TCR repertoire provides direct evidence for a mechanism by which the presence of an organ facilitates T reg cell--mediated tolerance to that organ ([@bib9]--[@bib11]).

Another intriguing observation is that the T reg and CD44^hi^ TCR repertoires showed similar patterns of variability by anatomical location. This suggests that T reg and CD44^hi^ populations share similar fundamental behaviors governing their interaction with tissue-specific antigens, even though the conditions for their development may be different. These data therefore support previous studies using monoclonal TCR transgenic mice ([@bib42]), demonstrating that both T reg and non--T reg cells undergo clonal expansion upon antigen encounter. The expansion and maintenance of T reg cells specific for antigens normally presented in the peripheral self would favor tolerogenic T reg cell responses to those antigens, rather than novel foreign antigens. Thus, we hypothesize that shaping of the T reg cell population to the local antigenic landscape provides another mechanism for self/nonself discrimination by the immune system.

Contrary to previous studies ([@bib27]), we did not find that peripheral conversion played a prominent role in the generation of the peripheral T reg cell population ([Fig. 3](#fig3){ref-type="fig"}). This difference could be explained in part by our use of Foxp3 as a marker for T reg cells, rather than CD25 ([@bib43]), to isolate non--T reg cells for adoptive transfer and analysis of conversion. Nonetheless, the use of mature Foxp3^−^CD4^+^ thymocytes may still overestimate the role of peripheral conversion because we cannot exclude the presence of rare CD25^−^Foxp3^−^ T reg cell precursors in this subset. We can also not be certain that these mature thymocytes are phenotypically identical to recent thymic emigrants in terms of their potential to undergo peripheral conversion. On the other hand, the use of peripheral Foxp3^−^CD4^+^ T cells may underestimate the role of peripheral conversion because we can only assess the fraction of Foxp3^−^ cells capable of converting at steady state, and those T cells with the greatest propensity to undergo peripheral conversion are therefore likely to be underrepresented. Thus, we believe our estimate that peripheral conversion contributes ∼4--7% of the normal adult peripheral T reg cell population represents the best currently available figure.

We also studied the process of peripheral conversion during the immune response of Foxp3^−^ cells transferred into αβT cell--deficient hosts, which may mimic the lymphopenic and T reg cell--deficient conditions during the early neonatal period. We found that peripheral conversion occurred much more readily in this environment than in a lymphoreplete host, and this made it technically feasible to perform TCR usage analysis. Interestingly, we found that peripheral conversion in polyclonal populations did not mirror previous experiments using monoclonal T cell populations, where a portion (∼20%) of cells became Foxp3^+^ after noninflammatory antigen encounter in both nonlymphopenic and lymphopenic models ([@bib23], [@bib41], [@bib44]). Rather, we observed no consistent patterns governing peripheral conversion during T cell expansion, finding that individual TCRs ranged from being highly skewed toward or against peripheral T reg cell development ([Fig. 4 B](#fig4){ref-type="fig"} and Fig. S8). Thus, the analysis of polyclonal TCR repertoires from both lymphopenic and nonlymphopenic environments does not support a model in which peripheral conversion is an automatic consequence of T cell activation, but rather one in which peripheral conversion is highly dependent on TCR specificity.

Although our data do not directly allow us to determine whether peripheral conversion occurs upon recognition of nonself-antigens, we hypothesize that many TCRs that facilitate conversion are reactive to self-antigens. This is strictly based on the observation that several TCRs from converted T reg cells in lymphopenic hosts can also be found in the normal thymic T reg cell subset ([Fig. 5](#fig5){ref-type="fig"} and Fig. S9). As previously argued, we believe that thymic T reg cell development occurs via recognition of self- ([@bib38]) rather than nonself-antigens ([@bib20]). Although we cannot exclude the possibility of peripheral nonself-antigen presentation in the thymus, nor the possibility that different peptides are recognized in the thymus and periphery, the most straightforward explanation is that the same self-reactivity that induces T reg cell development in the thymus also does so in the periphery. Although future experiments will be required to prove that the observed bias of converted TCRs toward the thymic T reg TCR repertoire is caused by the recognition of the same self-antigens, these data suggest that some cells that escape thymic T reg cell development express self-reactive TCRs that facilitate a second chance for T reg cell development in the periphery.

Peripherally converted T reg cells may develop directly from naive T cells or instead differentiate from memory/effector T cells ([@bib41]). In vivo data suggests that an appreciable frequency of Foxp3^+^ cells requires 1 wk or more to develop ([@bib23], [@bib25], [@bib44]). This time frame favors a multistep process but may also reflect a need for postconversion expansion. In contrast, in vitro studies have suggested that TGF-β--mediated induction of Foxp3 is considerably more efficient in naive than in memory T cells ([@bib45]). In fact, it has been reported that TGF-β is unable to induce Foxp3 in previously in vitro--differentiated T cells ([@bib46]). Because in vitro TCR stimulation is used in the retroviral transduction protocol, our data directly demonstrate that in vivo, peripheral conversion from previously activated T cells can still occur in the context of an appropriate TCR specificity (Fig. S7), hinting at possible differences between in vitro and in vivo conversion.

It is clear, however, that conversion alone is insufficient to maintain immune homeostasis, as shown by the development of colitis and other autoimmune manifestations upon transfer of T reg cell--depleted CD4^+^ T cells ([@bib3], [@bib9]--[@bib11], [@bib37]). However, conversion may diminish the severity of disease ([@bib25], [@bib47]). The inability to prevent disease may be caused by the limited T reg TCR repertoire generated by peripheral T reg cell development (Fig. S7), which has been suggested to permit autoimmunity in lymphopenic mice ([@bib48]). Alternatively, it may be that peripheral conversion occurs too late to fully prevent autoimmune pathology. One interesting hypothesis is that autoimmune disease may also be exacerbated by self-reactive Foxp3^−^ T cells expressing T reg TCRs that escape into the periphery ([@bib7]) but are unable to undergo peripheral conversion because of their antigen specificity ([Fig. 6](#fig6){ref-type="fig"}).

These data demonstrate a critical role for TCR specificity in the decision to undergo peripheral conversion. One potential mechanism by which this occurs is that the "nature" of the TCR--ligand interaction itself could generate a unique signal that results in Foxp3 expression. This has been suggested by an αβTCR × cognate antigen double transgenic model of thymic T reg cell development ([@bib4]). In this model, the high affinity ligand induced both deletion and T reg cell development, whereas a slightly different, lower affinity ligand could only induce deletion. However, a mechanism dependent on unique TCR signals would be unable to distinguish the context of T cell activation in the periphery, making it teleologically less appealing. An alternative, nonmutually exclusive hypothesis is that the TCR specificity results in activation within an environment that facilitates peripheral T reg cell development. We favor this latter model, in which antigen presentation can occur on APCs and/or within microenvironments that determine whether a given T cell will become a regulatory or effector cell. Based on current data, we suspect that a microenvironment promoting peripheral conversion would contain TGF-β and potentially retinoic acid ([@bib14], [@bib31], [@bib32], [@bib44]). Therefore, the balance of antigen presentation between two different microenvironments would determine the pathological or tolerogenic outcome of the immune response to an antigen.

MATERIALS AND METHODS
=====================

Mice and reagents.
------------------

*Foxp3^gfp^* reporter knockin, and TCli TCRβ and TCRαβ transgenic mice were provided by A. Rudensky (University of Washington, Seattle, WA). B6.SJL (CD45.1), B6.PL (Thy1.1), *Tcrb^−/−^*, and *Tcra^−/−^* mice were obtained from the Jackson Laboratory. Animals were housed in a specific pathogen-free animal facility at Washington University and were used according to protocols approved by the Animal Studies Committee of Washington University. Monoclonal antibodies were purchased from eBioscience and BD. Human IL-2 was obtained from the National Institutes of Health Biological Resources Branch.

Cell purification.
------------------

CD4^+^ T cells were initially purified from the tissues indicated in the figures using the CD4 Untouched kit, which uses AutoMACS magnetic separation to remove non-CD4^+^ cells (Miltenyi Biotec). The remaining cells were stained with fluorescently labeled antibodies and were sorted by flow cytometry using a MoFlo (Dako) or a FACSAria (BD) instrument.

Isolation of T cells for TCR sequencing.
----------------------------------------

CD4^+^Vβ6^+^ T cells were purified by FACS into the Foxp3^+^, Foxp3^−^CD44^hi^, and Foxp3^−^CD44^lo^ subsets from normal mice, and Foxp3^+^ and Foxp3^−^ subsets after proliferation and conversion in lymphopenic hosts. CD44 was not used to purify T cells from lymphopenic hosts, as the Foxp3^−^ population was CD44^hi^ after lymphopenia-induced proliferation. Postsort purity was \>95%. Cell numbers for all sorted Foxp3^−^ samples were between 1.7 × 10^5^ and 1.5 × 10^6^, and between 2 and 5 × 10^4^ for Foxp3^+^ samples from all mice except one, for which they were between 7 × 10^3^ and 1.6 × 10^4^. The percentage of Vα2^+^ cells was found to range from 6--14%, suggesting that the proportion of these cells was relatively stable between mice and experiments. Cloning of TRAV14 TCRα sequences was performed as previously described ([@bib7]). As before, we used the CDR3 amino acid sequence provided by IMGT/V-QUEST as a unique identifier for individual TCRs ([@bib49]). Although differences in J-region usage between T reg and non--T reg TCRs have been noted, much greater differences are seen when comparing CDR3 amino acid sequences ([@bib29]). Thymic Foxp3^+^ and Foxp3^−^CD4^+^CD8^−^ datasets have been previously described ([@bib38]).

Statistical analysis.
---------------------

The estimated contribution of peripheral conversion to the T reg cell population is a simple extrapolation of the percentage of Foxp3^+^ cells in the adoptively transferred Foxp3^−^ population to the entire Foxp3^−^ population multiplied by the proportion of Foxp3^−^ cells of CD4^+^ T cells, divided by the proportion of T reg cells of CD4^+^ T cells. Thus, an 8% conversion in normal mice would represent 7.2% of total CD4^+^ T cells (8 × 90%), which would be 72% the size of the T reg cell subset (7.2 of 10% T reg cells in the total CD4^+^ T cell population). Our observed conversion frequency of 0.8% from mature thymocytes and 0.4% (average of all experiments) from peripheral cells would therefore translate into an estimated contribution of conversion to the peripheral T reg cell population of 7.2 and 3.6%, respectively.

We used the Morisita-Horn index as a statistical measure of similarity between two datasets ([@bib50]). This unitless index ranges from 0 to 1, representing complete dissimilarity to similarity. The Morisita-Horn index takes into account the frequency of each TCR and is relatively resistant to the sample size, as compared with other similarity indices such as the Jaccard. A sequence found in both datasets at greatly different frequencies would therefore contribute to dissimilarity by this index. For reference, comparison of the first 200 sequences with the last 200 sequences of an ∼400-sequence dataset results in a Morisita-Horn index of ∼0.9, which represents an experimentally derived value for the maximum expected similarity that incorporates the inherent variability because of random sampling.

The abundance coverage estimator was used to estimate the total number of unique species in the population based on the observed number of species in the dataset, as previously described ([@bib29]).

To determine whether anatomical location affected TCR distribution, we performed generalized linear model testing using the raw counts of all experiments for each of the phenotypes. We used the Bonferroni correction (0.05 divided by the total number of sequences analyzed) to provide the most stringent p-value for rejection of the null hypothesis that TCR distribution is unaffected by location.

Assessment of peripheral conversion in vivo.
--------------------------------------------

For nonlymphopenic hosts, 10^7^ FACS-purified Foxp3^−^CD4^+^CD45.2^+^ T cells from the pooled spleen and LNs of *Foxp3^gfp^* mice were intravenously injected into congenic Thy1.1 hosts. 100--200 Foxp3^+^CD4^+^CD45.1^+^ T cells were also cotransferred to assess the contribution of Foxp3^+^ contaminants in the Foxp3^−^ population. Alternatively, mature HSA^lo^CD62L^hi^Foxp3^−^CD25^−^ CD4SP thymocytes (3.4 or 9 × 10^6^) were FACS purified from thymocytes depleted of CD8^+^ cells by AutoMACS from 13 or 17 mice. Acquisition of Foxp3 and other markers by flow cytometry was assessed after 3--4 wk.

For lymphopenic hosts, 2 × 10^6^ FACS-purified Foxp3^−^CD4^+^ T cells from *Foxp3^gfp^* or TCli TCRβ × *Foxp3^gfp^* × TCRα^+/−^ mice were intravenously injected into *Tcrb^−/−^* hosts, and were analyzed for acquisition of Foxp3 and other markers by flow cytometry after 19--21 d. We also verified that the converted Foxp3^+^ cells were unlikely to originate from the contaminating Foxp3^+^ cells in the sorted population using "spike" experiments similar to those in [Fig. 3 A](#fig3){ref-type="fig"} (not depicted).

Facilitation of peripheral conversion by retrovirally expressed TCRα chains.
----------------------------------------------------------------------------

Peripheral T cells from TCli (Vα18 and Vβ6) TCRαβ transgenic × *Foxp3^gfp^* × *Rag1^−/−^* mice were depleted by magnetic bead selection of CD25^+^ cells (Miltenyi Biotec), and were retrovirally transduced on days 1 and 2 after activation, as previously described ([@bib7]). After 7 d, a T cell population containing 4 × 10^5^ transduced Vα2^+^CD4^+^ cells was injected intravenously into a *Tcrb^−/−^* host. Acquisition of Foxp3 on Vα2^+^ cells was assessed at 2.5--3 wk by flow cytometry.

Online supplemental material.
-----------------------------

Figs. S1--S5 provide additional detail regarding the TRAV14 sequences obtained from TCli TCRβ chain transgenic T cells, as summarized in [Table I](#tbl1){ref-type="table"}. The number of sequences in each dataset, as well as the sorting strategy, is shown in Fig. S1. The diversity of the TCR datasets is illustrated in Fig. S2. Detailed information regarding the anatomical preference of the 15 most prevalent TCRs in the CD44^hi^, CD44^lo^, and Foxp3^+^ subsets is presented in Fig. S3. Additional comparisons between TCR datasets from different T cell subsets are shown in Fig. S4. Finally, an assessment of random sampling is provided in Fig. S5.

Figs. S6--S10 offer additional information regarding the studies of T reg cell conversion in lymphopenic hosts. The frequency of Foxp3^+^ cells, numbers of TRAV14 TCRα sequences obtained, and detailed information regarding the top 14 Foxp3^−^ and Foxp3^+^ TCRs are shown in Fig. S6. The diversity of the TCR datasets is illustrated in Fig. S7. The frequency of the TCR in the converted and nonconverted datasets is shown at the individual mouse level in Fig. S8. A comparison of the normal TCR datasets with those obtained after transfer into lymphopenic hosts is shown in Fig. S9. Finally, the frequency of T reg cell recirculation into the thymus is estimated in Fig. S10. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20081359/DC1>.

Supplementary Material
======================

###### \[Supplemental Material Index\]

We would like to thank P. Simmons and J. Hunn for expert technical assistance; J. Scott-Brown, J. Kim, W. Yokoyama, and C.-W. Lio for helpful discussions and critical review of the manuscript; A. Rudensky for providing the *Foxp3^gfp^* reporter and TCli TCRβ and TCRαβ transgenic mice; L. Fulton, W. Courtney, and B. Theising for their assistance at the Genome Sequencing Center; B. Eades and J. Hughes at the Siteman Cancer Center High Speed Cell Sorter Core; and W. Harrington of BD Immunocytometry Systems.

This work was supported by the Arthritis Foundation, the Burroughs Wellcome Fund, and the National Institutes of Health (C.-S. Hsieh).

The authors have no financial conflicts of interest to report.

[^1]: CORRESPONDENCE Chyi-Song Hsieh: <chsieh@im.wustl.edu>
